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The relationship between the nanoscale structure of vanadium pentoxide nanotubes and 
their ability to accommodate Li+ during intercalation/deintercalation is explored. The 
nanotubes are synthesized using two different precursors through a surfactant-assisted 
templating method, resulting in standalone VOx (vanadium oxide) nanotubes and also nano-
urchin. Under highly reducing conditions, where the interlaminar uptake of primary 
alkylamines is maximized, standalone nanotubes exhibit near-perfect scrolled layers and long-
range structural order even at the molecular level. Under less reducing conditions, the degree 
of amine uptake is reduced due to a lower density of V4+ sites and less V2O5 is functionalized 
with adsorbed alkylammonium cations. This is typical of the nano-urchin structure. High-
resolution TEM studies revealed the unique observation of nanometer-scale nanocrystals of 
pristine unreacted V2O5 throughout the length of the nanotubes in the nano-urchin. 
Electrochemical intercalation studies revealed that the very well ordered xerogel-based 
nanotubes exhibit similar specific capacities (235 mAh g-1) to Na+-exchange nanorolls of VOx 
(200 mAh g-1). By comparison, the theoretical maximum value is reported to be 240 mAh g-1. 
The VOTPP-based nanotubes of the nano-urchin 3-D assemblies, however, exhibit useful 
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charge capacities exceeding 437 mAh g-1, which is a considerable advance for VOx based 
nanomaterials and one of the highest known capacities for Li+ intercalated laminar vanadates. 
 
1. Introduction 
Low-dimensional nanomaterials such as nanotubes [1, 2], nanowires [3-5], nanobelts or 
nanoribbons [6-8], and other non-carbonaceous nanostructured compounds [9, 10] have attracted 
considerable attention in the past decade because of their novel and useful physical properties 
leading to numerous potential applications. Vanadium oxide-based low-dimensional products 
have been studied extensively [11-14]. Starting from the laminar V2O5 xerogel [15] numerous 
two dimensional organic-inorganic intercalation products have been obtained [16]. Most 
nanomaterials offer unusual (different from bulk) properties endowed by confined dimensions, 
and the overall behaviour can often exhibit a combination of bulk and surface properties [17]. 
Hydrothermal treatment (HT) of laminar composites, either those intercalated with long-
chained organic molecules or those obtained directly from precursors, results in low-
dimensional tubular products with practical quantitative yields [11, 16]. Many of these vanadate 
based nanostructures may be obtained in quantities of the order of grams [18, 19]. Together with 
the electrical and optical properties of vanadium oxide derivatives, this has encouraged its 
study as a potential new functional material. Varied applications such as optical switches [20, 
21], field effect transistors [22] and as electrodes in Li+ rechargeable batteries [23] have been 
reported and reviewed in detail.  
In addition, the emerging energy resource crisis unambiguously highlights the need for 
new paradigms for energy storage; it is critical that consistently improved low-cost, 
lightweight, small volume and environmentally friendly energy storage/conversion devices 
are developed. To this end, the direct architecture of complex nanostructures is highly 
desirable, but controlled hierarchical structuring of choice materials still remains 
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challenging [24, 25]. Due to their size and shape dependent electronic and optical properties, 
significant effort has been made to control morphologies of transition-metal oxide 
nanostructures and to organize them into complicated three-dimensional structures using 
organic templates [26, 27]. The efficiency reached in the preparation of laminar and tubular 
nanostructures is necessary but not solely sufficient for integration of these materials in 
devices; specimens formed by ordered and dense arrays of uniform nanostructures are desired, 
hence the recent successful realization of the nano-urchin [15, 28]. Recent advances have 
clarified that  Li+ insertion into VOx nanotubes and other nanostructured vanadium oxides has 
only recently been achieved [29, 30]; the next stage is the synthesis of more complex structures 
with greater volume for Li+ insertion, but more importantly, exhibit identical or improved 
structural, chemico-mechanical and electrochemical properties as their individual 
counterparts.  
Previous work [31] has conclusively shown that all vanadate structures are heavily reliant 
on the vanadate conformation and valency [19, 32, 33] after hydrothermal treatment and, as this 
work will outline, the resultant morphologies and constituent phases are dependent on the 
degree of hydration, or protonation, within the vanadium oxide lamina (and not solely on the 
intercalated structural organic template used) with a critical dependence on the precursors and 
hydrothermal conditions.  
Thus, it is critical that for any potential further study and/or application of high density 
array analogues of individual low-dimensional structures, identical functionality with 
increased volumetric density must be achieved for direct ‘copy-paste’ application, which is 
paramount for metal-ion intercalation in rechargeable (secondary) battery technologies. Two 
independent groups have recently reviewed [34, 35] the potential advantages and associated 
potential 3-D structures for use as high intercalation volume for charge storage. The role of 
defect-rich vanadate nanostructures in improving the specific charge capacity upon Li+ 
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intercalation compared to those without defects [36] was outlined.  Accurate characterization of 
the nanostructure, however, is essential in realizing new nanostructures than can 
accommodate interatomic layer cations and in classifying their applicability as open-access 
electrolyte scaffolds.  
Here, we present the first definitive evidence of the influence of precursor hydration state 
during HT on the eventual composition and morphological characteristics of vanadium oxide 
nanotubes synthesized using two different precursors, and contrast the crystalline quality and 
intercalation volume variations between stand-alone nanotubes and those realised in nano-
urchin that influence their specific charge capacity. The findings presented here evidence the 
local disorder and reduced surfactant uptake in vanadium oxide during hydrothermal 
treatment of nanotubes formed using the VOTPP precursor (see Experimental section). We 
observe and detail the formation of nanocrystals that result from localized regions of 
unreacted, monocrystalline orthorhombic V2O5 throughout the vanadate lamina in the 
nanotubes; no such findings are observed in nanotubes formed from the well-hydrated 
V2O5·xH2O xerogel. Differences in synthesis conditions chosen to achieve the same 
(morphology) product with different characteristics (greater density, higher intercalation 
volume etc.) can in certain cases affect the very material itself and its corresponding 
properties. For VOx, this disorder vastly increases its specific charge capacity, 
charge/discharge cyclability and resistance to degradation. 
 
2. Results and Discussion 
 
Precursor influence on interlaminar spacing  
Vanadium oxides are now very well understood from a phenomenological level and the 
myriad of reported applications have resulted in a greater understanding of their properties. 
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For a detailed overview of vanadium oxide, its lamellar phases, and properties that have been 
used in various applications, the reader is referred to a series of excellent and comprehensive 
reviews [17, 23, 31, 37, 38]. For the work reported here, the following characteristics are important: 
vanadium oxide nanotubes are synthesized from two different precursors, one containing a 
composite of HDA and VOTPP and the other containing HDA-intercalated xerogel. Both 
result in scrolled tubular morphologies after HT. We will demonstrate that the material 
precursor and synthetic conditions lead to a situation where the resulting nanotubes posses a 
different degree of interlaminar hydration/protonation correlated to, and influenced by, the 
nanoscale structural arrangement, the degree of surfactant binding uptake and resulting order 
in 3-D assemblies.     
The orthorhombic crystal V2O5 (space group Pmnm) is constructed by the stacking of 2D-
like layers along its (010) direction and is composed by distorted edge-shared VO5 pyramids, 
as depicted in Fig. 1a [37]. There are three known structurally non-equivalent types of oxygen 
centres in V2O5: single coordinated vanadyl oxygen O(1), double coordinated O(2) and 
bridging oxygen O(3) triply coordinated to vanadium atoms, all of which are important for 
spectroscopic analysis of the vibrational mode differences presented later. The structure of the 
(010) single-layer slab formed by VO5 units sharing edges and corners and the positions of 
the non-equivalent O(1)–O(3) atoms [37] are also shown in Fig. 1a. The arrangement of the 
amine intercalated structure is a double bilayered product where the arrangement is 
periodically stacked back-to-back.  
An important observation is that nanotubes formed from HT of the VOTPP precursor are 
found on high density radial arrays, or nano-urchin, whereas nanotubes from the xerogel tend 
to form as high yield, individual structures with no obvious preferred relative arrangement (of 
the tubes). Both sets of structures are shown in Fig. 1b,c. The inset to Fig. 1b shows a typical 
nanotube array section of a nano-urchin; the reduced overall order is apparent by contrast with 
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the nanotubes formed from the xerogel precursor in Fig. 1c. Even at high magnification, both 
sets of nanotubes look very similar and form from a similar scrolling mechanism. The TEM 
images in Figs 1d,e and Fig. S1, Supporting Information, highlight that both sets of nanotubes 
can have open ends, consist of a hollow core of ~20 nm diameter flanked by parallel rows of 
lattice fringes resulting from scrolled vanadate layers. These layers are separated by ~2.8 
nm [8, 16] but as will be outlined later, the sub-nm differences in this interlaminar spacing can 
vary due the uptake/condensation of water molecules during synthesis [38] and associatd amine 
intercalation. 
Selected area electron diffraction of the vanadate constituent of the nanotubes synthesized 
using both precursors (inset Fig. 1c) shows prominent polycrystalline diffraction rings (A, B, 
and C) with d-spacings matching the (200), (001), and (110), indicative of orthorhombic 
V2O5 with reconstructed lattice parameters of a0 = 1.152 nm, b0 = 0.356 nm, c0 = 0.437 nm; 
Space Group = Pmnm. The diffraction pattern of the highly turbostratic tube walls in Fig. 1e 
highlights the interlaminar spacing of 2.85 nm. Such nanotubes tend to be more ordered and 
structurally uniform even over their 5-15 µm length. 
Figure 2a shows the X-ray diffraction analysis of the products from the reaction of 
VOTPP with HDA in a 2:1 molar ratio under normal conditions followed by a hydrolysis 
process, and also of the nanotubular product of the HT of the HDA intercalated xerogel. In 
Fig. 2a, the HT of the VOTPP-HDA reaction mixture leads to the formation of a pure 
mesophase formed by tubular species (vide infra) with an interlaminar distance of 2.87 nm. A 
set of less intense peaks appears at smaller d values (Fig. 2a, inset). These reflections are 
caused by the structure within the V2O5 layers and can be indexed to a square 2-D lattice with 
a = 0.611 nm. The {hk0} peaks do not display the typical asymmetric saw-tooth profile, 
suggesting that the registry mismatch or turbostratic disorder between the layers is markedly 
lower [8]. 
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The absence of reflections of the type {hkl} with l > 0 is noteworthy. As the reflections of 
type {hk0} and {00l} are relatively sharp peaks, it is possible to define an approximate 3-D 
unit cell despite the bending of the layers, consistent with the presence of both non-
intercalated, pure V2O5 and thin VOx lamina due to reduced surfactant uptake. Such 
observations are typical of nanotubes formed from the VOTPP precursor, as recently verified 
by an independent study [28].  
By comparison, the X-ray diffraction pattern for xerogel-based nanotubes shown in Fig. 
2b, exhibits a slightly wider interlaminar distance (3.287 nm) and larger 2θ values do not 
exhibit any reflections consistent with a contribution from a 2- or 3-D V2O5 lattice structure 
(Fig. 2b, inset), indicating low-dimensionality and a highly turbostratic material. In fact, the 
only detectable {hk0} reflection is that of (110), arising from the stacking of the vanadium 
oxide molecular layers to form the lamina. The reduction in 2-D crystallinity of the vanadium 
oxide lamina, confirms the highly turbostratic arrangement of the double bilayers comprising 
the nanotubes’ multiwalled architecture. This point if further emphasized by noting that both 
diffraction patterns in Figs 2a,b exhibit (001) diffraction contributions with a laminar 
tendency from a second phase identified as the quasi-crystalline bilayered amines (indicated 
by **). The degree of interlaminar bilayered ordering is markedly lower in VOTPP tubes in 
the nano-urchin, as it directly affects the degree of vanadium ion reduction, whereas intense 
peaks are observed for xerogel-based nanotubes; both (001) and (002) reflections are 
measured. The difference in overall structural uniformity is apparent from the TEM images of 
individual nanotubes from each system (see Fig. S1, Supporting Information).  
To quantitatively analyze the difference in interlaminar distance, measurements of both 
the vanadium oxide lamina thickness and the interlaminar spacing were acquired for both 
types of nanotubes by HRTEM. The images in Fig. 3 allow quantitative measurement of 
actual interlaminar distances in both types of nanotubes by quantifying the normalized grey-
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scale intensities from calibrated images [39], weighted by their respective scattering factors. 
Figures 3a,b shows representative HRTEM images of typical tubular morphologies from 
VOTPP and xerogel-based synthetic routes, respectively; the degree of uniformity as 
observed in Figs 1 and S1, is markedly different, where VOTPP-based nanotubes exhibit 
variations in tube wall thickness, internal diameter and evidence for a less ordered scrolling of 
the vanadate layers observable through diffraction contrast.  
Averaged measurements of the overall interlaminar spacings from both systems, shown in 
Figs 3c,d, yields values of 2.855 nm and 3.340 nm for the VOTPP- and xerogel-based VOx 
nanotubes, respectively, in good agreement with XRD measurements. The electron diffraction 
measurement in Figs 3e corroborates the observations from two standpoints. Firstly, SAED 
patterns from xerogel-based nanotubes show two sets of two pronounced diffraction spots, 
where set (A) in Fig. 3e corresponds to a 2.85 nm distance and the outer set (B) corresponds 
to the distance caused by the intercalated amine bilayers [40]. This biphasic diffraction 
contribution was previously observed in the XRD diffraction data in Fig. 2 and implies the 
presence of a quasi-crystalline amine bilayer sandwiched between highly crystalline and 
turbostratic V2O5 lamina. 
  
Variation in surfactant uptake in nanotubes and nano-urchin  
It is apparent that the hydration state and surfactant packing density of the precursors have 
measurable effects on the overall structure and morphological properties of the nanotubes [41, 
42], as evidenced by XRD and TEM data. Since the choice of precursor can determine the 
long-range structural order and the potential for 3-D assembly formation during HT, we used 
HRTEM to determine the effect of hydration state and amine uptake/adsorption during HT to 
determine why a 3-D array of nanotubes formed using the VOTPP precursor (resulting in 
nano-urchin) would have less ordered nanotubes. 
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HRTEM analysis of the nanotubes formed using VOTPP was conducted at various stages 
of growth; representative images are shown in Fig. 4. The bright-field image in Fig. 4a shows 
individual nanotubes from a nano-urchin during their scrolling stage; the leading edge of a 
single lamina is outlined in Fig. 4b. The highly defective lamina observed in Fig. 4b are 
consistent with the lower degree of uniformity with VOTPP-based nanotubes where we 
routinely observed lattice plane termination dislocations, laminar curvature, buckling and a 
non-uniform hollow core (see Fig. S2, Supporting Information). Dark-field imaging, however, 
reveals the presence of a crystalline phase throughout the length of the tubes. The two dark-
field images in Figs 4c,d show that these nanocrystals (formed by bound VO5 units that do 
not have adsorbed alkylammonium ions) are distributed throughout the nanotube. It is worth 
noting that no nanocrystals are found on the organic (amine) sheath/layer, by comparing Figs 
4 a–d and Fig. S2.  
Further HRTEM studies were carried out to determine the crystalline phase of the 
nanocrystalline regions and to investigate any preferential or site-selective placement (or 
dispersion) throughout the nanotubes. These observations, it must be stated, do not occur 
during electron beam irradiation and the intensity of diffraction spots did not change during 
prolonged imaging. Figure 5 shows corresponding bright and dark field TEM images of a 
portion of the nanotube walls of a VOTPP-based nanotube. It can be observed that regions of 
the VOx lamina contain small crystals in Fig. 5b that are typically located at regions of higher 
scattering (from V atoms) in Fig. 5a, similar to Fig. 4. Higher magnification images and 
associated SAED in Fig. 5 confirm the presence of orthorhombic V2O5 with reasonable 
monodispersivity throughout the lamina. Fig. S3, Supporting Information, shows another 
portion of a nanotube wall where the dispersion is more evident. Analysis of the 
nanocrystalline regions in Fig. 5c, which was taken from several areas of many tubes, shows 
that the average size of the nanocrystals is 0.2–0.5 nm. 
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As was seen in Figs 4a (at D and E) and 5b, certain regions of the nano-urchin nanotube 
walls contain relatively very large areas of unreacted V2O5 (much greater than 0.5 nm). 
Figure 6 shows corresponding pairs of bright and dark field TEM images of such regions. 
Figs 6a,b show two nanotubes at early stages of formation. The stacked and scrolled layers 
are such that the outer layer is on top (in projection). The dark field image shows the large 
regions where the degree of amine intercalation is locally reduced, exposing unreacted V2O5. 
Figs 6c,d show the crystalline regions at the tips of ‘younger’ nanotubes, similar to those 
shown in Fig. 4a. Here, SAED conclusively shows that the brilliant regions of the nanotubes 
are monocrystalline orthorhombic V2O5. Thus, for VOTPP-based nanotubes, the reduced 
hydration state results in a less than perfect uptake of amines as alkylammonium ions 
resulting in local disorder and regions of unreacted vanadate. 
Since the respective interlaminar spacings of the two material systems are different, the 
observations can be ascribed to different quantities of surfactant molecules incorporated 
between the layers due, primarily, to the cationic exchange-controlled variation in vanadium 
valency in tandem with corresponding variations in vanadate hydration. Thus, there are more 
amine molecules incorporated in better ordered xerogel-based nanotubes, facilitated by 
electrostatic binding caused by their reduction to alkylammonium ions in the presence of 
sufficient water. Furthermore, in contrast to previous reports [36], we did not employ any 
reducing agent during synthesis to distinctly vary or control the vanadium valency ratio 
(V4+:V5+). 
 
Infrared vibrational characterisation of surfactant uptake 
For comparison of the inorganic-organic nanostructured lamellar precursors and their 
resulting nanotubular products at the molecular-interaction level, FTIR spectra were acquired 
from both types of nanotubes. The spectral information is divided in two parts: the 
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contribution from the intercalated surfactant and their interaction with the VOx, and the 
vibrational characteristics of the VOx itself. Both nano-urchin (VOTPP-based) and stand-
alone nanotubes (xerogel-based) exhibit characteristic bands between 3000 and 3300 cm−1 
attributed to the N–H vibrational modes, shown in Figs 7a and 7b, respectively. The principle 
difference here is the detection of particular N-H vibrations from alkylammonium cations in 
xerogel-based nanotubes at 3050 and 3130 cm-1 as shown in Fig. 7a, whereas we observe a 
uniform band of vibrations from the –NH2 headgroup of the amines in the nano-urchin (Fig. 
7b). These differences result from reduction in the amount of successfully intercalated amines 
in the presence of water in VOTPP-based nanotubes. Comparison to pure orthorhombic V2O5 
and the VOx-amine lamellar precursor prior to HT, shown in Fig. 7c, shows the presence of 
OH groups (between 3300 and 3700 cm-1) and a broad band of N-H vibrations. The axial 
stretching modes of the aliphatic C-H groups at 2917 and 2852 cm−1 are consistent in both 
types of nanotubes. The influence of the degree of alkylammonium adsorption is also seen at 
lower wavenumbers. For nano-urchin tubes, the H-N-H wagging vibrations are almost non-
existent (Fig. 7a) whereas for stand-alone nanotubes shown between 1500-1650 cm-1 the 
discrete vibrations are again specifically linked to alkylammonium ions adsorbed on V2O5. 
The C-N stretching vibration is also observed for nano-urchin VOTPP-based tubes consistent 
with a lesser degree of adsorption and greater degrees of freedom. The same modes are not 
observed for the higher quality xerogel-based tubes. 
Turning to the higher frequency heavy atom-light atom region, the V-O vibrational modes 
give further evidence for the hydration state (protonation) influence on the degree of 
surfactant uptake or binding. Both xerogel and VOTPP-based nanotubes (Figs 7a,b) exhibit 
modes from the important vanadyl oxygen (V=O) stretching and the edge-shared oxygen 
bending vibrations of the V-O-V species. The nano-urchin tubes (Fig. 7a) show V=O bands at 
949 and 999 cm-1 corresponding to orthorhombic γ-V2O5 in its V5+ state. The stand-alone 
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nanotubes also evidence these vibrations but at higher frequencies indicative of α-V2O5 in its 
V4+ state with a correspondingly lower intensity due to the presence of hydroxyl groups 
formed by the reduction of alkylamine to alkylammonium. The reduced intensity indicates 
that only certain regions of the xerogel-based nanotubes’ lamella contain V=O bonds in the 
same conformation as the nano-urchin tubes, and that in regions where V-O- terminal groups 
are formed, interlaminar alkylammonium cation uptake is possible.  Analysis of the V-O-V 
bond vibrations corroborates this suggestion; we observe a distinct V-O-V conformation in 
the better quality xerogel-based nanotubes where at 640 cm-1 in Fig. 7b, the V-O-V vibration 
characteristic of six-coordinated vanadium is observed rather than the band of modes 
observed for the VO5 units (750–840 cm-1) observed in the VOTPP-based tubes. This 
particular vibration is directly related to the ordered orthorhombic structure characteristic of 
pure V2O5, shifted to higher frequencies (lower wavenumbers) due to the electrostatic uptake 
of the alkylammonium cation. This is most apparent when compared to the same wavenumber 
region for pure V2O5 shown in Fig. 7d. Here, the V=O and V-O-V bonds are very distinct, 
and more closely related to the xerogel-based tubes in terms of vanadate ordering and 
structure. The V2O5 and amine mixture prior to HT, also shown in Fig. 7d, clearly exhibits 
several modes for these bonds consistent with the influence of the amine molecules and the 
OH group presence shown in Fig. 7c.  
Thus, the structural rigidity and order that defines the nanotube walls is apparent by noting 
that only pre-HT compounds or pure V2O5 display asymmetrical O-(V)3 deformation 
vibrations of the vanadyl polyhedra. Thus, the overall picture is that the level of laminar 
hydration allows for improved surfactant binding and better structural order in the vanadium 
oxide as evidenced by the specific differences in the vibrational modes and energies of N-H, 
N-H-N, V=O, V-O-V and C-N bonds between both types of nanotubes. 
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Recent measurements have verified the relationship between the vanadium valency ratios 
and the degree of curvature in scrolled VOx nanotubes [19, 28]. The associated reduction in the 
ratio of V5+ to V4+ allows the nanostructures to form with less laminar distortion during HT 
by increasing the inorganic charge density (more V-O- groups formed by reaction of OH-
 groups with V=O bonds) and more effective binding uptake of the surfactant. At a more 
fundamental level, the findings are corroborated by previous in-depth periodic DFT 
studies [43], which have conclusively shown that the amine headgroup adsorbs preferentially at 
Brønsted acid sites of the V2O5 (010) surface and furthermore, it is also confirmed that the 
adsorption ability decreases in the order corresponding to the hydroxyl groups: O1H > O3H > 
O2H. This order was shown to indicate that the adsorption of alkylammonium in the presence 
of O1H groups is seemingly the most favourable [44].  
The reaction path is dictated by a significantly reduced number of V=O bonds in xerogel-
based nanotubes and not in those from VOTPP-based precursors, in tandem with the opposite 
trend for alkylammonium cations (which only display select vibrations in xerogel-based 
nanotubes due to their improved adsorption). The amines are hydrolyzed by water to form 
alkylammonium ions and hydroxide ions. The Lewis base hydroxides interact with the open 
space of the square pyramidal coordination of the VO5 unit cell, where the π-electrons of the 
V=O are taken up by the oxygen as a lone-pair, which can attract alkylammonium cations 
through electrostatic forces, as depicted in Scheme 1. Interlaminar uptake of the amines (in 
their charged alkylammonium state) must be accounted for in the VOx layers where V2O5 
units now become six-coordinated. This reaction process explains the observation of 
unreacted pure V2O5 when it does not go to completion due to the V5+ and V4+ having  
different conformations [19] and different associated binding uptake properties. We observe 
specific N-H vibrations consistent with NH2 groups by FTIR in the nano-urchin tubes, shown 
in Fig. 7a, consistent with the presence of unreacted amines. 
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Electrochemical intercalation, charge capacity and cycling performance 
The electrochemical charge storage and cycling performance of both types of nanotube-
containing systems were also investigated. In Fig. 8 we present the cyclic voltammetric 
response of the xerogel-based and VOTPP-based nanotubes (nano-urchin). Figure 8a shows 
the first and fiftieth cycles of the xerogel-based nanotubes between 1.5 and 4.0 V (vs. Li+/Li). 
The first cycle exhibits the well-documented oxidation and reduction peaks associated with 
phase changes occurring in the vanadium oxide lattice upon intercalation of Li+ [45]. The total 
capacity decreases with increasing cycle number for the xerogel-based system in a similar 
manner to what is normally observed, exhibiting a concomitant irreversible positive shift in 
the cathodic peak from 2.6 to 2.72 V over 50 cycles indicating a permanent structural change. 
Of significant interest is the considerably higher specific charge capacity of the nano-urchin 
tubular material even after 50 cycles, shown in Fig. 8b. Furthermore, the height of the current 
peak in the cyclic voltammetric response decreased negligibly (by comparison with the 
variation observed for xerogel-based nanotubes) over these 50 cycles. The voltammetric curve 
from the nano-urchin in Fig. 8b, shows a cathodic peak at a more positive potential (to that of 
the xerogel-based nanotubes) of 2.8V which showed negligible shifting over 50 cycles.  
The discharge response shown in Fig. 8c for the nano-urchin is noted to be similar to pure 
orthorhombic V2O5, displaying multiple redox couples which themselves indicate structural 
transformations from the α-phase, through the ε, δ, and γ- phases and finally the reversible ω-
LixV2O5 phase [46]. By comparison, the xerogel-based nanotubes exhibit similar α, ε, and δ-
LixV2O5 phase transformations, but at lower potentials; the γ- and ω-phases occur at similar 
potentials for both materials. The specific charge capacity of the first cycle, also shown in 
Fig. 8c, show conclusively that the nano-urchin can hold a considerably higher specific 
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charge capacity (437 mAh g-1) than the nanotubes (235 mAh g-1) which have a higher degree 
of crystalline uniformity.  
The differences in specific capacity are most probably related to the quantity of organic 
interlaminar surfactant. We know that the nanotubes of the nano-urchin possess a 
considerable volume of unreacted and pure V2O5 throughout its mostly scrolled laminar 
morphology, resulting in less residual surfactant between the VOx layers compared to 
xerogel-based nanotubes. This is a direct result of a lower degree of surfactant 
uptake/electrostatic binding and consequently provides a more open pathway for Li+ 
interlaminar intercalation/diffusion [47] giving higher capacities. The structural disorder is 
more likely to accommodate the volumetric changes associated with the reduction of V5+ to 
V4+ during intercalation, since these ions exhibit remarkable different sizes [48]: 0.495 Å radius 
of V5+ ions versus much larger 0.86 Å radius V4+ ions. This deleterious volumetric effect in 
silicon-based battery anodes has only recently been overcome by utilizing nanostructured 
arrays of Si nanowires [49]. 
 
3. Conclusions 
In summary, the formation of VOx nanotubes using an alkyl amine structure-directing 
template by wet chemistry is a complicated process which includes van der Waal’s interaction 
between alkyl chains, electrostatic interaction between the organic and inorganic components 
together with transition metal oxide polymerization resulting in the final nanostructure. 
However, both molecular and nanometer-level local structure has a considerable effect on the 
specific charge capacity. What is now clear is that the initial synthesis precursors can affect 
the local structure and intercalation volume and properties, even in the absence of specific 
environmental or synthetic conditions, or even reducing agents. The turbostratic lamellar 
structure undergoes laminar scrolling during hydrothermal treatment; with a greater surfactant 
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uptake between lamina, the stronger the hydrophobic interactions and thus an increased level 
or order is observed throughout the layers comprising the nanotube. Conversely, the valency 
of the vanadium ions as a result of the precursor chemistry, can result in non-interacting 
vanadia and the observation of the nanoscale (~0.5 nm) regions of remnant or unreacted V2O5 
along the walls of more disordered nanotubes. Such disordered nanotubes (on the nanoscale at 
molecular level) produce higher specific capacities and better cyclability due to their ability to 
allow considerable phase changes without the typically observed restrictions to high volume 
intercalation caused by limited interlaminar space in more ordered structures [49]. We now 
know that the increased accessibility of V2O5 sites for metal ions further enhanced by a 
higher density of redox sites compared to pristine nanotubes that contain a high intercalated 
volume fraction of alkylammonium ions in the interlaminar spacings.  
The very well ordered xerogel-based nanotubes exhibit similar specific capacities (235 
mAh g-1) to Na+-exchange nanorolls of VOx (200 mAh g-1) [29]. By comparison, the 
theoretical maximum value is reported [50] to be 240 mAh g-1. The VOTPP-based nanotubes of 
the nano-urchin, however, exhibit remarkable charge capacities exceeding 437 mAh g-1, 
which is a considerable advance for VOx based nanomaterials and one of the highest known 
capacities for Li+ intercalated laminar vanadates. 
The improved electrochemical properties observed in novel vanadium oxide nano-urchin 
are attributed to the increased volumetric density for ion intercalation, and shorter diffusion 
paths to the intercalation/redox sites. This is caused by a reduced intercalated alkylammonium 
volume fraction influenced by the hydration state of the V2O5 during synthesis.  In addition, 
these structures permit the greatest freedom for dimensional change that accompanies 
intercalation and extraction reactions. 
 
4. Experimental 
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Synthesis of the Vanadium Oxide Nano-Urchin: A solution of 10-3 mol of 1-hexadecylamine 
(HDA), C16H33NH2 (Aldrich, 99%), in pure ethanol (10 mL), previously degassed by 
repetitive freeze-thaw cycling in an argon vacuum, was mixed with vanadium tri-
isopropoxide (VOTPP, 2 × 10-3 mol), [(CH3)2CHO]3VO (Aldrich). The yellow solution, 
obtained after vigorous stirring in an argon atmosphere for 1 h, was then hydrolyzed by 
adding deionized water (15 mL). An orange suspension was obtained after continuous stirring 
for 24 h. The hydrothermal treatment (HT) of the orange suspension was performed in a 
Teflon lined autoclave at 180oC for 7 days. From the resulting dark suspension, a dark solid 
was separated, washed with pure ethanol and water, dried under vacuum (1.33 × 10-3 mbar) 
for 48 h, and stored in an argon atmosphere. 
  
Synthesis of the Vanadium Oxide Nanotubes: A mixture of t-butyl alcohol and orthorhombic 
V2O5 (Aldrich, 99%) was refluxed for 6 h to form the xerogel. Water was added to the 
resulting dark yellow solid and the remaining t-butyl alcohol was removed with excess water 
in vacuum. Water was then added to yield a suspension. The material was aged at room 
temperature yielding a red-brown colloidal V2O5. The xerogel and a primary amine, 1-
hexadecylamine (HDA), mixed in a molar ratio of 1:2, were stirred in ethanol for 2 h and left 
to age for 2 days. The composite was transferred into a Teflon-lined autoclave and held at 
180oC for 3 days under auto-generated pressure in a sand bath. The product was washed with 
deionized water and alcohol several times and dried under vacuum. 
 
Methods of Characterization: X-ray powder diffraction characterization was performed using 
a Siemens D5000 diffractometer (Cu Kα, λ = 0.15418 nm, operation voltage 40 kV, current 
30 mA). The morphological characterization of the nanostructured products was performed by 
field-emission scanning electron microscopy (FESEM) using a HITACHI S-4800 FESEM 
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operating at beam voltages between 1 and 10 kV. Electron transparent specimens were 
prepared by ion-milling techniques or solution deposition and placed on a holey carbon 
support. Transmission electron microscopy (TEM) and selected area electron diffraction 
(SAED) were conducted using a JEOL JEM 2011 and 2000FX TEM operating at 200 kV. The 
chemical composition of the samples was determined by elemental chemical analysis using a 
SISONS model EA-1108 analyzer. The Fourier transform infrared (FTIR) spectra were 
recorded using a KBr pellet technique on a Perkin-Elmer Series 2000 apparatus in the region 
4000-450 cm−1.  
For intercalation/deintercalation experiments, the electrochemical cell comprised a 
working cathode prepared using a stainless steel mesh dipped in an ethanolic solution of 
either VOx nanotubes or nano-urchin, carbon black and poly(tetraflouroethylene) (PTFE) in a 
mass ratio of 75:15:10. Lithium pellets and foil served as counter and reference electrodes, 
respectively. Cyclic voltammetry and galvanostatic charge/discharge experiments were 
performed in a 1 mol dm-3 LiClO4:ethylene carbonate (1:1 v/v) electrolyte. The cyclic 
voltammograms were acquired at a scan rate of 1 mV s-1 between 1.5 and 4.0 V vs. Li+/Li 
using a CH Instruments Model 660C electrochemical workstation. 
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TOC Entry 
 
Vanadium oxide nano-urchin and nanotubes are observed to have varying degrees of 
crystalline order and uniformity depending on the precursor used and its hydration state 
during synthesis, resulting in reduced interlaminar alkylammonium cation uptake and 
exposure of nanocrystalline regions of pure orthorhombic V2O5 throughout the length of 
nanotubes (See Figure). Less ordered nanotubes result in improved specific charge capacities 
and cyclability. 
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